EREBRAL CONTUSION in the clinical context involves two types of brain edema. One is the early massive edema that occurs within 12 to 48 hours posttrauma, which creates strong mass effect resulting in progressive elevation in ICP and clinical deterioration. 18 The other is delayed pericontusion edema, which on T2-weighted MR imaging is typically seen in the white matter adjacent to the cerebral contusion several days posttrauma. 19 This type of edema rarely causes ICP elevation leading to deterioration and death.
increased cerebrovascular permeability and subsequent vasogenic edema are the major causes of the nonhemorrhagic mass effect due to contusions. 5, 18, 26, 29 However, results of recent studies using MR imaging have demonstrated that vasogenic edema does not develop within 24 hours posttrauma but instead arises 48 hours after trauma, predominantly in the white matter surrounding the contusion. 3, 14, 19, 27 Cytotoxic edema is another candidate for the cause of mass effect in contusion, given that an ischemic condition is often induced by TBI. 1, 24, 35 However, MR imaging data have demonstrated that although cytotoxic edema occurs soon after injury, it is not severe enough to induce prominent mass effect early after trauma. 15 Mechanisms other than those of vasogenic and cytotoxic origins should be considered to cause the mass effect from cerebral contusion seen within 24 hours after injury.
It has been demonstrated that cerebral ischemia induces an elevation in tissue osmolality, which can lead to edema formation in the brain. 2, 9, 11, 13, 32 It remains unclear whether or not this is the case in TBI. In the central area of contusion, the cellular elements-both neurons and glia-uniformly undergo disintegration and homogenization as the primary consequence of mechanical injury, even early 
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Severe cerebral contusion is often associated with nonhemorrhagic mass effect that progresses rapidly within 12 to 48 hours posttrauma. The mechanisms underlying such a rapid progression of mass effect cannot be fully explained by classic concepts of vasogenic and cytotoxic brain edema. Data from previous clinical trials, including diffusion-weighted magnetic resonance imaging studies, have indicated that cells in the central (core) area of the contusion undergo shrinkage, disintegration, and homogenization, whereas cellular swelling is located predominately in the peripheral (rim) area during this period. The authors hypothesized that high osmolality within the contused brain tissue generates an osmotic potential across the central and peripheral areas or causes blood to accumulate a large amount of water. To elucidate the role of tissue osmolality in contusion edema, they investigated changes in tissue osmolality, specific gravity, and ion concentration in contused brain in both experimental and clinical settings. Their results demonstrated that cerebral contusion induced a rapid increase in tissue osmolality from a baseline level of 311. ] did not change significantly at any time point. Inorganic ions do not primarily contribute to this elevation in osmolality, suggesting that the increase in colloid osmotic pressure through the metabolic production of osmoles or the release of idiogenic osmoles can be a main cause of contusion edema.
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after injury. 8 This process can create a pathophysiological condition in which tissue osmolality increases rapidly in the core of the contusion and attracts a large amount of water within the necrotic tissue.
An increase in tissue ion concentration resulting from an Na + shift from blood has been regarded as a major factor responsible for elevating tissue osmolality in the ischemic brain. 12, 21, 23, 28 The increase in vascular permeability can also induce leakage of large molecules from plasma, resulting in elevated oncotic pressure in injured tissue. 28 It is important to elucidate the mechanisms underlying TBI-induced hyperosmolality, because the prevention of increased osmolality can provide a new approach in the treatment of severe brain injury; however, the mechanisms have not yet been fully understood.
In the present study, we attempted to elucidate the role of tissue osmolality and ion concentrations in contusioninduced edema formation in both clinical and experimental settings. In our clinical investigations, the tissue osmolality of contused brain was determined in surgical specimens obtained from the contusion necrotomy. In our experimental study, the changes in tissue osmolality and water and ion contents following cerebral contusion were examined in a cortical contusion model in rats. We also sought to elucidate whether or not blood supply and/or enzymatic activation are involved in tissue osmolality elevation as well as the effects of brain cooling on osmolality elevation in a decapitation model in rats.
Materials and Methods

Clinical Investigation
This study was approved by the committee for clinical trial and research at Nihon University School of Medicine.
Brain tissue osmolality was determined in eight patients with cerebral contusion, who had medically uncontrollable elevated ICP and had undergone surgical removal of contusion necrosis for the purpose of internal decompression. Before removing contused brain, three small pieces of brain tissue approximately 3 to 5 mm in diameter were sampled from the central (core) and peripheral (rim) areas of the contusion. Immediately after sampling, brain tissue osmolality was determined using a vapor pressure osmometer (VPO 5500, Wescor, Inc.). 33 The measurements were made in triplicate, and the values were averaged to obtain the representative osmolality in each case.
To determine the normal level of human brain tissue osmolality, similar sized pieces of healthy brain tissue were sampled (three pieces per case) from the surgical margins during lobectomy surgery in four patients with glioma.
Experimental Investigation
This study was approved by the Animal Care Committee of Nihon University School of Medicine.
Cortical Contusion Model
Surgical Preparation. Young Wistar rats weighing 250 to 300 g were anesthetized using a mixture of 33% oxygen, 66% nitrous oxide, and 1% halothane. The animals were mounted in a stereotactic frame in the prone position, and a 6-mm-diameter craniectomy was performed over the parietal cortex. Cerebral contusion, centered 2.5 mm posterior to the bregma and 3.0 mm from the midline, was induced using a controlled cortical impact device (diameter of injury tip 5 mm, piston velocity 6 m/second, and penetration depth 3 mm). 7, 10 During the entire surgical procedure, the rectal temperature of each animal was maintained at 37˚ to 38˚C with a heating blanket.
Evaluation of Tissue Osmolality and Brain Edema. At 30 minutes and 1, 3, 6, and 12 hours after injury induction, the animals (five animals for each time period, for a total of 25 animals) were killed, and small samples of brain tissue approximately 3 mm in diameter were taken from the central area of the contusion to determine tissue osmolality by using a vapor pressure osmometer.
In another group of animals, the severity of brain edema was evaluated at the same time points (five animals for each time period, for a total of 25 animals) by using the specific gravity method. 26 Baseline levels of tissue osmolality and specific gravity were determined in sham-operated animals (five animals for each parameter, for a total of 10 rats), which underwent the same surgical procedure except for the induction of contusion.
Evaluation of the Brain Tissue Ion Contents. At 30 minutes and 6 and 12 hours after injury induction, a small sample of brain tissue (five animals for each time period, for a total of 15 animals) approximately 5 mm in diameter was taken from the center of the contusion. The wet weight of the tissue was precisely measured using a chemical balance, and the dry weight was measured after drying the brain tissue in an oven at 105˚C for 24 hours. The dried brain tissue was immersed in deionized pure water, and the materials were filtered through a micropore membrane. The supernatant concentrations of Na + , K + , and Cl -were determined with ion chromatography analysis and were converted into concentrations in the brain tissue (mmol/kg wet tissue). Baseline levels of ion contents were determined in the sham-operated animals (five rats).
Decapitation Model. Seventy-two young Wistar rats weighing 250 to 300 g were deeply anesthetized and decapitated to induce whole brain ischemia with complete disruption of the blood supply. The heads of the animals were wrapped with plastic film to avoid loss of water due to evaporation and were stored at 37˚, 20˚, or 4˚C. At 0, 0.5, 1, 3, 6, and 12 hours after decapitation, the brain was removed, and tissue osmolality was determined using a vapor pressure osmometer, as described previously.
Statistical Analysis
The statistical significance of the results was evaluated using the unpaired t-test or Pearson correlation coefficient test. A probability value less than 0.05 was considered significant.
Results
Clinical Investigations
The tissue osmolality in healthy brain accessed during glioma surgery was 309.3 Ϯ 3.6 mOsm (means Ϯ standard deviation). In cerebral contusion, brain tissue osmolality was 371.9 Ϯ 16.1 mOsm in the central area and 350.5 Ϯ 14.5 mOsm in the peripheral area, values significantly higher than those in healthy brain (p = 0.00002 and p = 0.00027, respectively; Table 1 ). Surgical procedures for contusion necrotomy were performed in patients 8 to 40 hours posttrauma (13.5 Ϯ 9.8 hours). The patients with later timing of surgery tended to have higher levels of contusion tissue osmolality; however, the correlation was not statistically significant (p = 0.069 in the central area and p = 0.239 in the peripheral area).
Experimental Investigations
Tissue Osmolality and Specific Gravity. Baseline levels of osmolality and specific gravity in contused tissue in sham-operated animals were 311.4 Ϯ 11.3 mmol/kg and 1.0425 Ϯ 0.0026, respectively. Cerebral contusion induced a rapid decrease in tissue specific gravity to 1.0344 Ϯ 0.0035 (p = 0.0031) at 3 hours posttrauma and 1.0308 Ϯ 0.0028 (p = 0.00014) at 12 hours after injury (Fig. 1) , reflecting water accumulation in contused brain. were not significantly altered by the injury, indicating that changes in tissue ion contents are not a major cause of the elevation in osmolality after cerebral contusion. Brain tissue osmolality was also increased by decapitation, and this increase was significantly attenuated by brain cooling, suggesting that the injury-induced osmolality elevation is a phenomenon irrelevant to blood supply but is dependent on brain temperature.
Authors of several experimental studies have revealed that in cerebral ischemia the osmolality of brain tissue was elevated concomitantly with edema formation soon after ischemia induction. 2 Tissue hyperosmolality and brain edema in cerebral contusion
Bar graph depicting the changes in tissue specific gravity following cerebral contusion in a controlled cortical impact model in rats. The tissue specific gravity was significantly decreased at 3, 6, and 12 hours posttrauma, representing progressive formation of brain edema. Right: Bar graph illustrating the rapid increase in tissue osmolality and subsequent plateau over 400 mOsm at 6 hours posttrauma, which was approximately 100 mOsm greater than the normal levels. Cont = control values in sham-operated animals. *p Ͻ 0.05; **p Ͻ 0.01. increased progressively over 24 hours, whereas brain tissue osmolality increased until 6 hours and returned to baseline within 12 hours postischemia. They concluded that an osmotic pressure gradient can contribute to edema formation only during the early stage of cerebral ischemia.
In the present study we showed that tissue osmolality in the cerebral contusion rapidly increases, reaches a plateau level at 6 hours posttrauma, and remains high at 12 hours posttrauma, suggesting that increases in tissue osmolality are more prominent in contusion than in focal ischemia. Cerebral contusion increased tissue osmolality from 311.4 Ϯ 11.3 mmol/kg at baseline to 402.8 Ϯ 15.1 mmol/kg at 12 hours posttrauma, representing a 91.5-mOsm increase in the experimental study, and from 309.3 Ϯ 3.6 to 371.9 Ϯ 16.1 mOsm, representing a 62.6-mOsm increase in the clinical investigation. When such high tissue osmolality is facing the capillary wall, there can be no doubt that a large osmotic potential is produced and that large amounts of water continue to shift into contused brain from the blood, provided that blood supply is maintained. 5, 35 Indeed, our present data demonstrated massive water accumulation in contused tissue concomitant with the elevation in tissue osmolality.
In previous ischemia studies, increases in tissue ion concentrations, especially Na + , have been proposed as a major cause of elevated tissue osmolality. 12, 23, 28 Results in the present study showed that contusion induced an increase in the tissue Na + concentration from 46.5 Ϯ 6.6 mmol/kg at baseline to 74.2 Ϯ 18.4 mmol/kg at 12 hours posttrauma (p = 0.025). This 27.7-mmol/kg increase in the Na + concentration, however, cannot explain the 91.5-mmol/kg increase in tissue osmolality. Furthermore, the K + concentration in tissue was decreased by injury induction, from 92.7 Ϯ 11.9 to 71.1 Ϯ 21.3 mmol/kg, and the Cl -concentration showed no significant changes; therefore, the combined concentration of Na tracellular elements as the primary consequence of mechanical injury. 8 This feature is unique to cerebral contusion and is not seen in the early phase of ischemic brain or other pathological conditions. As compared with extracellular levels, the intracellular Na + concentration is low, approximately 15 mEq/L, and the intracellular K + concentration is high, approximately 155 mEq/L in the normal condition (Fig. 4) . Therefore, homogenization due to contusion induces decreased extracellular Na + and increased K + , promoting the ion concentration difference from the surrounding extracellular fluid and blood. This process can cause ion migrations by diffusion, which is an Na + influx into contused tissue and a K + efflux to surrounding extracellular space or blood, resulting in increased tissue concentrations of Na + and decreased K + in contused brain. A possible cause of tissue osmolality elevation is an oncotic pressure increase resulting from disruption of the blood-brain barrier. 4, 9, 30, 34 Cerebral contusion can increase vascular permeability, leading to leakage of large molecules, such as albumin, from plasma to contused tissue. However, an immunohistochemical study of the postmortem brain from patients with contusion failed to reveal any plasma protein leakage around contused brain areas during this early period. 31 Similarly, evaluations of vascular permeability using 99m technetium pertechnetate singlephoton emission tomography 5 or MR imaging with intravenous Gd-diethylenetriamine pentaacetic acid injection failed to reveal any evidence of increased vascular permeability within the area of contusion during the initial few days posttrauma. 3, 20, 22 Results of a recent study with diffusion-weighted MR imaging also revealed that vasogenic edema resulting from blood-brain barrier disruption did . not appear in contused brain in the early period (that is, within 24 hours posttrauma) but did appear after 24 to 48 hours, predominantly in white matter surrounding the contusion. 14, 19 These findings seem to contradict the widely held view that increased cerebrovascular permeability is responsible for the development of contusion edema, especially soon after contusion.
Data in the present study also clearly demonstrated that brain tissue osmolality significantly increased in the decapitation model. Decapitation completely interrupted blood supply to the brain; therefore, the tissue osmolality increase was never attributable to the transfer of molecules (for example, Na + ion, albumin, and so forth) from blood to brain tissue. In such a condition, a possible mechanism underlying the injury-induced hyperosmolality is the degradation of large molecular compounds into small molecules. Total ischemia by decapitation could induce cell autolysis via enzyme activation, leading to intracellular catabolism and resultant osmolality elevation. The increase in brain tissue osmolality was significantly attenuated by brain cooling (20˚ and 4˚C), suggesting that enzymatic processes are closely involved in hyperosmolality following decapitation.
Concerning the origins of the increase in tissue osmolality in contused brain tissue, findings in the present study strongly suggested that contusion induces an accumulation of metabolic intermediate osmoles or formation of idiogenic osmoles, which are produced in the pathological processes of cellular metabolism and enzyme activation, such as catabolism of lipid or proteins, glycolysis, hydrolysis of adenosine 5'-triphosphate, DNA fragmentation, and so forth. 6 It has been reported, for instance, that ischemic brain injury activates phospholipases, which catabolize injured cell membrane and result in the liberation of free fatty acids and their metabolites (for example, prostaglandin, thromboxanes, or leucotrienes). 16 Such degradation processes of large molecules would increase the number of small molecules in the tissue, inducing an elevation in tissue osmolality. The rapid membrane disruption following cerebral contusion can also induce the efflux of intracellular idiogenic osmoles into the extracellular space, which can enhance the osmotic potential between blood and extracellular fluid, resulting in edema formation (Fig. 4) .
Results of previous investigations have indicated that cellular swelling and vasogenic edema are important causes of the nonhemorrhagic mass effect in cerebral contusion. 1, 3, 5, 18, 20, 24, 25, 27, 29, 35 In addition to these causes, data in the present study showed that the contusion tissue itself has the potential to accumulate massive amounts of water as a result of the increase in tissue osmolality. Note that tissue osmolality of 380 mOsm or greater can induce a condition resistant to hyperosmotic diuretic therapy. Surgical removal of the contusion necrosis area represents the most effective therapy currently available to control the elevated osmotic potential in patients with severe cerebral contusion. 15, 17 Conclusions Data in the present study revealed that 1) osmolality of the contused brain tissue increases rapidly; 2) contused brain tissue strongly attracts water; 3) an increase in osmolality is not caused by changes in inorganic ion contents; 4) blood supply is not essential to elevate tissue osmolality; and 5) an osmolality increase is temperature dependent, suggesting an increase in colloid osmotic pressure through the metabolic production of osmoles or release of idiogenic osmoles. It is inferred that the primary driving force of water accumulation into contused brain tissue can be an elevated organic osmotic potential resulting from contusion necrosis.
